Charge transfer in superlattices consisting of SrIrO3 and SrMnO3 is investigated using density functional theory. Despite the nearly identical work function and non-polar interfaces between SrIrO3 and SrMnO3, rather large charge transfer was experimentally reported at the interface between them. Here, we report a microscopic model that captures the mechanism behind this phenomenon, providing a qualitative understanding of the experimental observation. This leads to unique strain dependence of such charge transfer in iridate-manganite superlattices. The predicted behavior is consistently verified by experiment with soft x-ray and optical spectroscopy. Our work thus demonstrates a new route to control electronic states in non-polar oxide heterostructures.
Electron density is one of the most important parameters controlling electronic phases in strongly correlated electron systems. As a milestone in condensed matter physics, high critical temperature superconductivity was discovered in Cu-based oxides by doping carriers into Mott insulating states [1] . This triggered an improvement in crystal synthesis techniques, leading to the discovery of a number of novel spin, charge and orbital states in complex oxide materials [2] . Thin film growth techniques have also improved dramatically [3, 4] . In Ref. [4] , Ohtomo et al. demonstrated atomically sharp interfaces between two insulating titanates with a metallic behavior. Such metallic interfaces led to the concept of electronic reconstruction originally proposed for K-doped C 60 systems [5, 6] . One of the important aspects of the electronic reconstruction is that the valence state of constituent ions in such heterostructures can significantly differ from the corresponding valence state in bulk systems as a result of the electron transfer within the heterostructures. Such electron transfer can be manipulated by the polar discontinuity [7] or by the difference in the work functions [8] . The polar discontinuity was previously discussed in the context of III-V semiconductor heterostructures [9] . In this case, the discontinuity often leads to the atomic reconstruction because it is significantly more challenging to change the valence state than for transition-metal elements.
Thus, hetero-structuring is expected to become a fascinating route to explore novel electronic states in complex systems by controlling the valence state or the carrier density without introducing disorder intrinsic to chemically doped bulk crystals. There have been a large number of reports along this direction [10] , and we anticipate this field will continue to grow rapidly [11] . Because of the renewed interest in the relativistic spinorbit coupling (SOC) with correlations, iridium-based systems have started to attract significant interest [12] . There have already appeared a number of theoretical predictions for novel phenomena [13] [14] [15] [16] and experimental studies [17] [18] [19] using perovskite-type iridates.
Recently, superlattices of SrIrO 3 (SIO) and SrMnO 3 (SMO) were epitaxially grown and their transport and magnetic properties were reported [20] . Among a number of characteristics, one of the most striking results was a quite large charge transfer of ∼ 0.5 electrons per unit cell from SIO to SMO regions. Because of the nearly identical work function between SIO and SMO, 5.05 eV and 4.99 eV, respectively [21] , one would naively expect that the amount of transferred electrons to be rather small and even in the opposite direction, i.e., from SMO to SIO.
In this paper, we investigate the charge transfer between SIO and SMO in their superlattices using density functional theory (DFT). Our DFT results show a reasonable agreement with the experimental report in Ref. [20] . We also construct a phenomenological model to understand the microscopic mechanism of the surprising charge transfer at SIO/SMO interfaces. This phenomenological model is based on molecular orbitals formed at the interface and naturally predicts unique strain dependence of the charge transfer, which we confirm by DFT calculations and verify experimentally.
The charge transfer across non-polar interfaces was also discussed between GdTiO 3 and perovskite nickelates [22] . The amount of charge redistribution is controlled by the covalent character of the transition metal/oxygen bonds. The molecular orbital formation provides an alternative means to control the charge transfer across nonpolar interfaces by utilizing the interfacial interaction between constituent systems.
The DFT calculations were performed with the gener- . We performed two sets of calculations. First, the structural optimization was performed without spin polarizations and the SOC using the doubled unit cell with the experimental in-plane lattice constant of SrTiO 3 , a = b = 3.905× √ 2Å, a 4 × 4 × 4 k-point grid, and an energy cutoff of 500 eV. Optimized crystal structures were achieved when forces on all the atoms were < 0.01 eV/Å. Subsequently, we determined magnetic order with finite SOC. This procedure finds lattice parameters of bulk SMO (a = 3.814Å) and SIO (a = 3.984Å) close to the experimental ones a = 3.80Å [29] and a = 3.94Å [30] [31] [32] , respectively, validating our theoretical approaches. Second, we further relaxed the fractional atomic coordinates with the spin polarization and the SOC. During this process, we fixed the in-plane and out-of-plane lattice constants as obtained without spin polarizations and the SOC. If the full structural optimization including out-of-plane lattice constant is performed with the spin polarizations instead, the effect of compressive strain would be overestimatedthe lattice constant of bulk SMO has been determined to be more than 1 % larger than the experimental value. [33] In the following, we will present the two sets of theoretical results, the first data followed by the second data shown in parenthesis. The two sets of results are qualitatively consistent and, thus, the physical trends are robust. Figure 1 shows the structure of a [SIO] 1 [SMO] 1 superlattice optimized without magnetism and the SOC, and magnetic ordering is subsequently analyzed under this structure. One can notice stronger structural distortion in SIO than SMO, i.e., larger rotation of the IrO 6 octahedron than the MnO 6 . The rotation angle of the IrO 6 octahedron is found to be α ∼ 15.2
which is substantially larger than that in bulk Sr 2 IrO 4 α ∼ 11
• [34] . The larger distortion arises from the mismatch (∼ 0.9 %) between SIO (a = 3.94Å [30] [31] [32] ) and STO (a = 3.905Å), the substrate material used in Ref. [20] .
The size of the ordered moment is found to be 0.12 (0.13) µ B at Ir sites and 3.13 (3.02) µ B at Mn sites. The former is nearly identical to the DFT estimate on Sr 2 IrO 4 with a smaller U = 1.6 eV [35] . However, our canting angle is found to be extremely large 72.0
• (58.5
• ) compared with that in Sr 2 IrO 4 (14.4
• [35] ), and the nearestneighboring coupling is almost ferromagnetic. Note that the canting angle 90
• corresponds to the case where the ordered moments are parallel to the diagonal direction. This does not only come from the larger rotation angle of the IrO 6 octahedra than in Sr 2 IrO 4 , but also comes from the reduced Ir d occupancy, by which the antiferromagnetic interactions between neighboring Ir sites are suppressed. On the other hand. Mn moments remain to be coupled antiferromagnetically pointing along the nearestneighboring Mn-O directions. Therefore, the Ir moments have large contributions to a net magnetic moment along the diagonal direction (see Fig. 1 ). We found that the Mn moment 3.13 (3.02) µ B is enhanced from the bulk value that we determine to be 2.77 µ B . This enhancement is attributed to the electron transfer from SIO to SMO. Assuming the transfered electrons enter into Mn majority spin bands, the enhanced magnetization corresponds to charge transfer of 0.36 (0.25) electrons per Mn.
In principle, one could estimate the transfered electrons in the VASP output file. However, the values obtained in this procedure have large ambiguity because of the overlap with ligand O p states. When the electron density is increased on a Mn site, the Mn-O bond length is normally increased. This increase results in the reduced Mn-O overlap and the underestimation of the charge density. In the current study, we measure the difference in Mn moment from the bulk SMO value. The latter (2.77 µ B ) already involves minority spins due to the hybridization with O p states. However, as will be discussed in detail later, since the transfered electrons predominantly enter into the Mn 3z 2 − r 2 orbital with their spins parallel to t 2g spins due to the strong Hund coupling, the change in the Mn moment is a good measure for the transfered electrons.
We 3 [SMO] 3 superlattices, 0.15 (0.14) and 0.30 (0.27) electrons, respectively, are found to be transfered to a SMO layer, which is adjacent to a SIO layer. Thus, we notice that the electron transfer from a SIO region to a SMO region is enhanced by increasing the SIO thickness m when the SMO thickness n is fixed. This indicates that the charge screening length in SIO is longer than 1 unit cell, while the precise determination remains dif- Our DFT calculations and the experimental measurement in Ref. [20] have shown rather unique results, especially strong electron transfer from SIO to SMO in spite of the nearly identical work function between the two materials. First, we considered the possibility of oxygen non-stoichiometry. However, since the sum the the Ir and Mn valence states is approximately constant, this scenario seems to be quite unlikely. Thus, in order to understand this unique behavior, we propose the use of a molecular orbital picture [36] . Although this is a phenomenological approach, it can provide a physically transparent image. Since SMO has the t 3 2g electron configuration with S = 3/2, the doubly degenerate e g states are empty. On the other hand, SIO has the t 5 2g configuration. Because of strong SOC, the t 5 2g manifold is split into fourfold degenerate J ef f = 3/2 states, which are fully filled, and the twofold degenerate J ef f = 1/2 states, which are half filled, leaving empty e g states that are far above the Fermi level.
Considering these electron configurations and the similar work functions between them, the single particle density of states (DOS) of SIO and SMO would align as shown in Fig. 2 superlattices, the magnitude of electron transfer from SIO to SMO layers for fixed m decreases with increasing n .
The molecular orbital picture is consistent with the DOS of this system observed by x-ray absorption spectroscopy (XAS). Room temperature XAS spectra of [SIO] 1 [SMO] 1 , SIO, and SMO near the O K-edge are presented in the upper panel of Fig. 4 . The O K-edge spectra reflect the transition from O 1s core level to unoccupied O 2p states. Since they are strongly hybridized with Ir and Mn d orbitals, the unoccupied DOS of d orbitals are projected in O K-edge spectra. The peaks below 530 eV (between 531 and 534 eV) correspond to O 2p states hybridized with Ir J ef f = 1/2 and Mn e g ↑ orbitals (Ir e g and Mn e g /t 2g ↓ orbitals) [18, 37] . Within the molecular orbital picture, we expect the bonding (antibonding) states of Ir and Mn e g (3z 2 − r 2 ) orbitals to shift to lower (higher) energy. Considering the XAS spectrum of the superlattice sample, it is clear that the peak near 529.7 eV (533.3 eV) is at a lower (higher) energy than that of either parent material, as indicated with solid triangles. This result is in great agreement with the molecular orbital picture that Mn 3z 2 − r 2 (Ir 3z 2 − r 2 ) orbitals shift to lower (higher) energies.
In addition, such a molecular orbital picture was also detected in optical spectroscopy. The lower panel of [38] we can assign the peak near 3 eV in SIO as a transition from J ef f = 3/2 to e g states. Note that the corresponding peaks in the superlattices are located at higher energy than those in both parent compounds. The molecular orbital picture can explain this peak shift as Ir eg orbitals move to higher energies. Thus, both XAS and optical spectroscopic data support the theoretical results, confirming the charge transfer across the SIO/SMO interface.
The molecular orbital picture discussed above naturally predicts the following unusual strain effect: under the in-plane compressive (tensile) strain, 3z 2 − r 2 molecular orbitals become lower (higher) in energy, and as a result, the electron transfer from SIO to SMO is enhanced (suppressed). We have repeated the DFT analyses with various strain values. The results for the ordered Mn moment are presented in Fig. 5 . We confirmed the expected behavior that the Mn moment increases with compressive strain, leading to an increased excess electron density ∆N on Mn. Conversely, tensile strain reduces the Mn moment, leading to a reduced ∆N . We experimentally investigated the strain dependence by synthesizing a series of coherently strained
(LSAT) (a = 3.868Å), SrTiO 3 (a = 3.905Å), and KTaO 3 (a = 3.988Å)]. Note that z = 64 for all samples except that on KTaO 3 , where z = 22 to circumvent strain relaxation that is present in thicker superlattices. We determined the average Mn oxidation state from the chemical shift of the Mn L 2 -edge in XAS and observed that the Mn oxidation state systematically increases with increasing the in-plane lattice constant through epitaxial strain control. This trend is quantified in Fig. 5 where the strain dependence of ∆N from stoichiometric SMO is shown. The theoretical results on ∆N and the experimental results agree reasonably well from ∼ −2 % to ∼ 0 % strain states. However, the deviation becomes substantial for large tensile strain > 0 %. This might be due to the formation of oxygen vacancies induced by large tensile strain. [39] [40] [41] Note that our samples grown on KTaO 3 have a strong tendency to undergo strain relaxation due to the large lattice mismatch between KTaO 3 and the two constituent materials. In contrast to the strain dependence of ∆N , both superconducting quantum interference device (SQUID) measurements and xray magnetic circular dichroism (XMCD) measurements indicate that the net moment is suppressed by applying both compressive and tensile strain. This might be related to the reduction of the spin canting angle under strain. As shown in Fig. 5 , M cant is reduced by strain. This reduction by tensile strain is due to the reduction of the rotation angle of the IrO 6 octahedron, while the reduction by the compressive strain is due to the reduction of the Ir d occupation.
To summarize, using density functional theory calculations, we have investigated the charge transfer in superlattices consisting of SrIrO 3 and SrMnO 3 . Despite the nearly identical work function between them and nonpolar interfaces, these superlattices show large charge transfer from SrIrO 3 to SrMnO 3 . Based on the molecular orbital picture, such large transfer is ascribed to the formation of strong 3z 2 − r 2 bonding orbitals between neighboring Mn and Ir. This picture is confirmed by the partial density of states projected on Mn d states or Ir d states. The molecular orbital argument also predicts that the amount of electron transfer is controlled by in-plane strain; compressive (tensile) strain enhances (suppresses) the amount of electron transfer from Ir to Mn. This prediction is readily confirmed by our density functional theory calculations along with our XAS and spectroscopic ellipsometry measurements. Our work demonstrates a potential new route to control the electronic properties of non-polar oxide heterostructures.
